Abstract Pancreatic ductal adenocarcinoma (PDA) remains the most lethal malignancy due to lack of an effective treatment. P21-activated kinases (PAKs) play key roles in PDA growth, and the PAK inhibitor PF-3758309 synergistically reduced PDA growth with gemcitabine. The aim of this study was to determine the effect of PF-3758309 with multiple chemotherapeutic reagents on a panel of patient-derived PDA cell lines. Cells were treated with PF-3758309 plus or minus gemcitabine, 5-fluorouracil (5-FU) or abraxane, and cell proliferation was determined. Protein expression profiles were measured by Western blot. PDA cells were subcutaneously injected into the flanks of SCID mice which were then treated with PF-3758309, gemcitabine, PF-3758309 plus gemcitabine, or gemcitabine plus abraxane. Tumour growth was measured by volume and weight. PF-3758309 enhanced the inhibitory effects of 5-FU, gemcitabine and abraxane on a panel of patient-derived PDA cells, inhibited HIF-1 protein expression and reduced the protein levels of palladin and -SMA in these cells. The combination of PF-3758309 with gemcitabine maximally inhibited PDA growth in vivo, which was comparable to the combination of gemcitabine with abraxane. PF-3758309 enhanced the suppressive effects of multiple chemotherapeutic reagents on the growth of a panel of patientderived PDA cell lines. The combination of PF-3758309 with gemcitabine provides a potential treatment option with less toxicity than gemcitabine plus abraxane.
Introduction
The low survival rate of pancreatic ductal adenocarcinoma (PDA) is largely caused by resistance to chemotherapy. Because of the late diagnosis of PDA only 20% of patients are suitable for surgical resection, which makes chemotherapy a critical component in the clinical management of PDA. Gemcitabine has been the mainstay of systemic treatment for most stages of PDA. With the discovery of active multi-agent chemotherapeutic regimens, such as FOLFIRINOX (a combination of leucovorin (folinic acid), fluorouracil (5-FU), irinotecan and oxaliplatin) and gemcitabine plus nab-paclitaxel (abraxane), the treatment landscape of PDA is slowly evolving. FOLFIRINOX and gemcitabine plus abraxane are now utilized as standard first line treatment options in metastatic PDA [1] . FOLFIRINOX treatment offers a median survival of 11.1 months in patients with advanced disease [2] , while gemcitabine plus abraxane treatment provides a median survival of 8.5 months [3] . Compared to gemcitabine monotherapy, the survival rate of PDA patients has been marginally improved with the combination treatment.
The unique desmoplastic stroma present in PDA forms a barrier of fibrotic tissue which prevents the penetration of chemotherapeutic reagents and thus compromises chemotherapy [4] . The stroma contains a large number of pancreatic stellate cells (PSCs), which are characterized by the expression of desmin, glial fibrillary acidic protein (GFAP), vimentin and nestin [5] . In pancreatic cancer, activated PSCs, expressing high level of -smooth muscle actin (-SMA), play an important role in tumour-stroma interactions. Palladin, an actin binding protein, has been detected in both PDA cells and stroma, and the stromal expression of palladin is an independent prognostic factor in PDA and a surrogate indicator for the effectiveness of chemoradiation therapy [6] .
P21-activated kinases (PAKs), acting downstream of KRas, play important roles in PDA development. PAKs can be divided into 2 groups, group I contains PAKs 1-3 and group II PAKs 4-6. Over-expression of PAK1 [7] and PAK4 [8] has been reported in PDA patients, and both PAK1 and PAK4 are involved in the proliferation and migration/invasion of PDA cells [9] . Inhibition of PAK1 synergistically with gemcitabine reduced the growth of pancreatic cancer cells in vitro and in vivo [10] , and activation of PAK1 contributed to gemcitabine resistance of pancreatic cancer cells [11] . Inhibition of PAK1 also suppressed PSC activation and proliferation while promoting apoptosis, and deletion of stromal PAK1 increased survival of mice with PDA [12] . PAK4 promoted PDA cell proliferation and survival by activation of the NF-κB pathway [13] , and inhibition of PAK4 increased the sensitivity of PDA cells to gemcitabine [14] . Inhibition of PAK4 decreased PDA cell proliferation via down-regulation of Bad phosphorylation and up-regulation of tumour suppressive miRNA [15] . A novel PAK4 allosteric inhibitor suppressed PDA cell proliferation on its own or synergistically with gemcitabine or oxaliplatin while promoting the apoptosis of PDA cells [16] . These effects of PAKs on PDA cells and stromal cells make PAKs attractive targets in PDA treatment.
The above data also indicates the importance of targeting both PAK1 and PAK4 in the treatment of PDA. The affinity of PF-3758309, a pan-PAK inhibitor, is highest for PAK4 (IC50 2.7-4.5 nM), and second highest for PAK1 (IC50 14 nM) [17] . PF-3758309 suppressed the proliferation and migration/invasion of melanoma and lung cancer by targeting both PAK1 [18] and PAK4 [19] . PF-3758309 inhibited the growth of colorectal cancer cells in vitro and in vivo by decreasing the activity of PAK1, and enhanced the inhibitory effect of 5-FU on the proliferation and tumorigenesis of colorectal cancer cells [20] . The aims of the current study were to determine the effects of PF-3758309, in combination with multiple chemotherapeutic reagents, on a panel of patient-derived PDA cell lines, and to define the possible mechanisms involved.
Results
PAK1 expression correlated with CK19; PAK4 expression with -SMA, palladin and GFAP
The protein expression profiles of six TKCC cell lines were determined by Western blots. The expressions (Fig.1 A) and relative levels (Fig.1B ) of total and phosphorylated (active) PAK1 and PAK4, CK19, -SMA, palladin, GFAP and desmin were shown in Fig.1 . Regression analysis showed that the protein expression of PAK1 was positively correlated with the protein expression of CK19, but not with -SMA, palladin, GFAP or desmin (Fig. 1C ). However, the protein level of PAK4 was positively correlated with -SMA, palladin and GFAP, but not with CK19. This result indicates that PAK1 and PAK4 function differently in these patient-derived cancer cell lines. Fig.1 . PAK1 expression correlated with CK19, while PAK4 expression correlated with -SMA, palladin and GFAP. The expression of several proteins in six TKCC cell lines was determined by Western blot (A), and the ratio to GAPDH expression calculated (B), as described in Materials and Methods. The correlations of PAK1 or PAK4 expression to the expression of CK19, -SMA, palladin, GFAP or desmin were assessed by regression analysis, and R 2 and p values are presented (C). pPAK1, phosphorylated active PAK1; tPAK1, total PAK1; pPAK4, phosphorylated active PAK4; tPAK4, total PAK4.
PF-3758309 inhibited HIF-1 protein expression and reduced the expression of palladin and -SMA in TKCC cell lines Since these cells were growing under hypoxia (5% O2), the effect of PF-3758309 on the protein expression of HIF-1which is necessary for cell survival under hypoxia, was examined. After 48h treatment with PF-3758309 at concentrations round the IC50 determined in a proliferation assay (Table  1) , PF-3758309 significantly inhibited the expression of HIF-1 protein in all six TKCC lines examined (Fig.2A&B) , decreased the expression of palladin protein in the TKCC 15, 18 and 2.1 lines, and decreased the expression of -SMA protein in the TKCC 15 and 26 lines ( Fig.2A, C&D) . At the same time, PF-3758309 also inhibited the activities of PAK1 (Fig. 3A&B ) and PAK4 (Fig. 3A&D ), but not PAK2 ( Supplementary Fig.1 ). These data indicate that inhibition of PAK1 and/or PAK4 by PF-3758309 down-regulated HIF-1, and in some cases palladin and -SMA expression. Table 1 in 5% O2 for 48h. The protein levels of HIF-1, -SMA and palladin were determined by Western blot (A). Relative protein expression was calculated by ratio to GAPDH, and the values for untreated cells were taken as 100% (B-D). The data were summarized from three independent experiments for the protein expression of HIF-1 (B), -SMA (D) and palladin (C). *, p<0.05, **, p<0.01, compared to the values obtained from non-PF-3758309-treated cells. Fig.3 . PF-3758309 suppressed the activities of PAK1 and PAK4. The six patient-derived pancreatic cancer cell lines were incubated with PF-3758309 as described in Fig.2 . The protein levels of active phosphorylated PAK1 (pPAK1) and PAK4 (pPAK4), and total PAK1 (tPAK1) and PAK4 (tPAK4) were determined by Western blot. Relative protein expression was calculated by ratio to GAPDH, and the values for untreated cells were taken as 100% (B-E). The data were summarized from three independent experiments for the protein expression of pPAK1 (B), tPAK1 (C), pPAK4 (D) and tPAK4 (E). *, p<0.05, **, p<0.01, compared to the values obtained from non-PF-3758309-treated cells.
PF-3758309 enhanced the inhibitory effects of 5-FU, gemcitabine and abraxane on TKCC cells in vitro.
The TKCC cells were first incubated with different concentrations of PF-3758309 for 48h in 5% O2. PF-3758309 dose-dependently inhibited the proliferation of all TKCC lines examined (data not shown). The IC50 values of PF-3758309 for each cell line were calculated based on the proliferation assay and are listed in Table 1 . Similarly the IC50 values for 5-FU, gemcitabine and abraxane were also determined and are listed in Table 1 . Additionally the TKCC cells were pre-treated with PF-3758309 at concentrations around the IC50 values (Table 1) Table 1 for 48h, followed by another 48h incubation with 5-FU, gemcitabine (Gem) or abraxane at the IC50 concentrations listed in Table 1 . Cell proliferation was determined as described in Materials and Methods. The values obtained from controls (CT) without any treatment were taken as 100%. The data were summarized from at least three independent experiments. *, p<0.05, **, p<0.01, compared to the values obtained for the controls of non-PF-3758309 pre-treated cells. #, p<0.05, ##, p<0.01, compared to the values obtained from non-PF-3758309 pre-treated cells.
The combination of PF-3758309 with gemcitabine maximally inhibited tumour growth in vivo by suppressing proliferation.
SCID mice bearing TKCC 15 xenografted tumours were divided into the following five groups: control, PF-3758309, gemcitabine, PF-3758309 plus gemcitabine, and gemcitabine plus abraxane and the mice were treated as shown in Fig. 5A . At the beginning of the treatments (day 25), the tumour volumes (measured in mm 3 ) were 72 + 12, 82 + 11, 82 + 11, 80 + 13, and 83 + 13 for control, PF-3758309, gemcitabine, PF-3758309 plus gemcitabine, and gemcitabine plus abraxane, respectively. The tumour volumes after treatment were reduced in all treatment groups compared to control (Fig. 5B) . The combined treatment of PF-3758309 with gemcitabine significantly reduced the tumour volume from day 4 after starting the treatment. Compared to PF-3758309 alone, all combination treatments (PF-3758309 plus gemcitabine or gemcitabine plus abraxane) significantly further inhibited the tumour volumes (Fig. 5B&D ). Compared to gemcitabine alone, the combination treatments of PF-3758309 plus gemcitabine and gemcitabine plus abraxane, significantly further reduced the tumour volumes (Fig. 5B&D) . Among the combination treatments, PF-3758309 plus gemcitabine inhibited the tumour volume maximally. All treated groups except for the PF-3758309 group showed significantly decreased tumour weights compared to control. However unlike the tumour volume, the tumour weight in the combination treatments did not show any further decrement compared to the single reagent treatment (Fig. 5C) . Proliferation and apoptosis within xenograft tumour were determined by immunohistochemistry staining of Ki67 and cleaved caspase 3, respectively. Gemcitabine alone, not PF-3758309 alone, significantly inhibited cell proliferation to 83% of control. Combination treatment further reduced proliferation to 74% and 67% of control for gemcitabine plus abraxane and gemcitabine plus PF-3758309, respectively, and the reductions were significantly greater than that of gemcitabine alone treatment (Fig. 6 A&B) . There was no significant difference in apoptosis in all four treatment groups compared to control (Fig. 6 C&D) . These results indicated that combination of gemcitabine with PF-3758309 synergistically reduced tumour growth via suppressing tumour cell proliferation. This combination could reach an equal or even greater therapeutic efficacy compared to gemcitabine plus abraxane.
Fig.6. The combination of PF-3758309 and gemcitabine inhibited tumour cell proliferation in vivo.
The xenograft tumour tissues from the experiments described in Fig.5 were immunohistochemically stained with Ki67 (A&B) and active cleaved caspapse 3 (C&D) to measure proliferation and apoptosis respectively. The samples were analyzed as descibed in the Materials and Methods. NC: negative control stained without the primary antibody. CT: control, Gem: gemcitabine, PF: PF-3758309, Abr: Abraxane; **, p<0.01 compared to control, #,p<0.05 compared to gemcitabine alone.
-SMA and CK19 co-localized in cancer cells in vivo
Consistent with the in vitro observation where the expression of -SMA was detected by both Western blots (Fig. 1 ) and immune staining in two TKCC cell lines (Fig.7A) , the expression of -SMA was also detected in the tumours that originated from the xenografts of cell line TKCC15 (Fig.7B) . Interestingly the co-expression and co-localisation of CK19 and -SMA was also found in some cancer cells of the xenograft tumours, particularly in the interface between tumour and stroma (Fig.7) regardless the different treatments. This observation suggests that those cells with co-expression and co-localisation of CK19 and -SMA might play important roles in local invasion and/or metastasis through the interaction of tumour with stroma. 
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CK19 and -SMA co-localized in pancreatic cancer cells in vivo (B) .
The tumour tissues generated from TKCC 15 xenografts were dissected from the mice treated with different reagents as shown in Fig. 5A , and double-stained with antibodies against CK19 (green) and -SMA (red). The photos were taken under a fluorescent microscopy at 20 times amplification. The arrows indicated the doublestained cells. Gem: gemcitabine, Abr: Abraxane, PF: PF-3758309.
Discussion
The data presented here indicates that the pan-PAK inhibitor PF-3758309 [21] is an attractive reagent for treatment of pancreatic cancer. In a panel of established cell lines derived from patients with pancreatic cancer [22] , PF-3758309 not only inhibited cell proliferation on its own, but also enhanced the inhibitory effects of multiple chemotherapeutic reagents, including 5-FU, gemcitabine and abraxane. PF-3758309 also inhibited the protein expression of HIF-1, palladin and -SMA by reducing the kinase activities of PAK1 and PAK4, which both play important roles in PDA progression. Our data showing that PF-3758309 stimulated the inhibitory effects of multiple chemotherapeutic reagents on PDA cells in vitro and in vivo, make PF-3758309 a potential reagent in adjunct or combination therapy in the treatment of pancreatic cancer. The combination of PF-3758309 with gemcitabine inhibited the xenograft growth of TKCC cells in mice to a level comparable to the combination of gemcitabine with abraxane. This finding indicates that gemcitabine plus PF-3758309 could be used as an alternative therapy, with lower toxicity, than gemcitabine plus abraxane, which is currently used as a front-line chemotherapy for pancreatic cancer.
TKCC cells express not only the cancer cell marker CK19, but also stromal cell markers including palladin, -SMA, desmin and GFAP. Both PAK1 and PAK4 were also expressed in these cell lines. Interestingly, the expression of PAK1 was significantly correlated with CK19, while the expression of PAK4 was significantly correlated with palladin, -SMA, and GFAP (Fig.1C) . This result suggests that PAK1 and PAK4 play divergent roles in the regulation or maintenance of an "epithelial" or Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 September 2018 doi:10.20944/preprints201809.0322.v1
"mesenchymal"-like state in cancer progression, and is consistent with a recent report that expression of PAK1 and PAK4 is associated with different outcomes in pancreatic cancer patients [23] . PAK1 and PAK4 also play different roles in pancreatic function, as PAK1 depletion causes deficits in glucose clearance [24] , while PAK4 depletion does not alter pancreas development or function [25] .
Inhibition of PAKs by PF-3758309 in TKCC cell lines significantly decreased the expression of several key proteins implicated in cancer cell survival and cytoskeletal reorganization. The observation that PF-3758309 significantly decreased the expression of HIF-1 in all six TKCC lines suggests critical roles for PAK1 and/or PAK4 in the survival and growth of these cancer cells under hypoxia. Inhibition of PAK1 and PAK4 by PF-3758309 also suppressed the expression of palladin in three of these TKCC lines. Palladin stimulates invasion of pancreatic cancer cells by promoting invadopodia formation in cancer-associated fibroblasts [26] . Tissue microarrays of resected PDA samples from 167 patients have shown that expression of palladin is correlated with a significantly lower disease-specific survival rate [6] . Therefore, inhibition of palladin would be expected to suppress pancreatic cancer metastasis and promote patients' survival. α-SMA is an established marker for PSC activation [27] , and its expression is negatively correlated with PDA survival [28] . We have previously reported that inhibition of PAK1 decreased proliferation and increased apoptosis of PSCs while suppressing SMA expression in PSCs [12] . Here for the first time we have detected the expression of -SMA by both Western blot and immunofluorescent staining in cells established from xenografts isolated from pancreatic cancer patients. PF-3758309 significantly reduced the protein expression of -SMA in two out of the six pancreatic cancer cell lines. The different effect of PF-3758309 on -SMA expression in these cancer cell lines may be due to the heterogeneous nature of pancreatic cancers. Out findings that both CK19 and -SMA co-expressed and co-localized in some cancer cells in the xenograft tumours, in particularly that these cancer cells with co-localisation of CK19 and -SMA distributed at the interface between tumour and stroma, suggested important roles of those cells in local invasion and/or metastasis through the interaction of tumour with stroma.
Materials and Methods
Cell Proliferation
The patient-derived cell lines (TKCC 2.1, TKCC15, TKCC18, TKCC22, TKCC23, TKCC26) used in this study were isolated at The Kinghorn Cancer Centre (TKCC) from primary patient-derived pancreatic ductal adenocarcinoma xenografts [29] and cultured as previously described [22] . 5x10 3 cells/well were incubated with different concentrations of PF-3758309 for 48h or pre-treated with PF-3758309 at the IC50 calculated for proliferation (Table 1) for 48h, followed by treatment with gemcitabine, 5-FU or Abraxane for another 48h in the absence of PF-3758309. Cell proliferation was measured using a CyQUANT Direct Cell Proliferation Assay Kit (Thermo Fisher, Melbourne, Australia) according to the manufacturer's instruction. Fluorescence intensity was determined using a plate reader (FLUOstar OPTIMA, BMG Labtech, Melbourne, Australia).
Mouse study
All mouse experiments were approved by the Austin Health Animal Ethics Committee (A2015/05269). SCID mice were purchased from the Animal Resource Centre (Perth, Australia). TKCC 15 cells (3x10 6 cells/100l/site) were injected subcutaneously into the flanks of 8 weeks old SCID mice. On day 25 after subcutaneous injection, the mice were divided into 5 groups: control (saline), gemcitabine (40 mg/Kg, dissolved in saline), PF-3758309 (25 mg/kg, dissolved in 5% DMSO in saline) alone, PF-3758309 plus gemcitabine, and gemcitabine plus abraxane (10 mg/Kg, dissolved in saline). The mice were given these treatments by intraperitoneal injection (i.p.) as shown in Fig. 5A for four weeks. Tumour growth was monitored as previously described [30] . Tumour volume was calculated by using the formula: V = L * W * H * (π/6), where L was the length; W the width; and H the height.
Tumour volumes on day 25 in each group were taken as 1. At the end of the experiment mice were culled, and tumours were dissected and divided into 2 parts, of which one was frozen for tissue extraction, and the other was fixed in 10% formalin and then paraffin-imbedded for immune-staining.
Western blot
TKCC cells were cultured to 80% confluence and lysed in SDS sample buffer. Protein expression profiles were determined by Western blot using antibodies against the following proteins: total and phosphorylated (active) PAK1, PAK2 and PAK4 (Cell Signaling Technology, Arundel, Australia), cytokeratin 19 (CK19), -SMA, palladin, GFAP (Abcam, Cambridge, MA), desmin (Santa Cruz Biotechnology, Taxas, USA), and GAPDH (Cell Signaling Technology, Arundel, Australia). Cell lysates were also prepared from TKCC cells after treatment with PF-3758309 for 48h, and protein expression was measured by Western blot using antibodies against HIF-1BD Biosciences, North Ryde, Australia, total and phosphorylated PAK1, PAK2 and PAK4, -SMA, palladin and GAPDH. The relative amount of each protein was calculated as the ratio of the density of its band to the density of the GAPDH band. The correlation of PAK1 or PAK4 expression with CK19, -SMA, palladin, GFAP and desmin expression was determined by regression analysis using Sigma Plot 12 (Systat Software Inc., California, USA).
Immunofluorescent staining
TKCC cells were grown on sterilized glass slides to 80% confluency. After fixation with 4% paraformaldehyde for 5 min, cells were permeabilized with 0.1% Triton X-100 for 5 min at room temperature and blocked with blocking buffer (5% normal goat serum in 1% BSA in TBST (Trisbuffered saline, 0.1% Tween 20)) for 1 hour. Cells were stained with antibodies against CK19 (1:300), -SMA (1:300) and desmin (1:300) in blocking buffer overnight at 4 0 C, followed by incubation with secondary antibodies conjugated with AlexaFlour 488 (1:1000) in 1% BSA in TBST for 1h at room temperature in the dark. Cells were counterstained with DAPI (4′, 6-diamidino-2-phenylindole dihydrochloride, Life Technologies, Scoresby, Australia) (1:5000) in PBS for 5 min. Coverslips were mounted using fluorescence mounting medium. The samples were observed and photographed using an Evos cell image system (Life Technologies). For double staining of CK19 and -SMA in tumour tissues, an anti--SMA antibody was purchased from Sigma and the images were taken under a fluorescent microscope (Eclipse Ti-E Model, Nikon) at 20 times amplification.
Immunohistochemistry
Tumour tissues, collected from the animal model as described above, were stained with Ki67 antibody (Thermo Fisher Scientific, Australia) for proliferation, cleaved caspase 3 antibody (Cell Signalling Technology, Arundel, Australia) for apoptosis. Samples were imaged using a Leica microscope for at least 10 fields at 40 times magnification. For quantification, the ratio of positive cells to total number of cells in each field was calculated.
Statistical analysis
All values are expressed as mean ± standard error. The in vitro data are from three independent experiments. The in vivo data were collated according to numbers of tumour samples. Data were analyzed by one-way ANOVA or student's t-test (SPSS, IBM, New York, NY). Differences between two means with p < 0.05 were considered significant.
Conclusions
In summary we have demonstrated here that the combination of the PAK inhibitor PF3758309 with multiple chemotherapeutic reagents further suppressed the growth of a panel of pancreatic cancer cells derived from patients' samples compared to the chemotherapeutic reagents on their own.
The combination of PF-3758309 with gemcitabine showed maximal inhibition of the pancreatic cancer cells in vivo. The extent of inhibition was comparable to that achieved with gemcitabine plus abraxane. The combination of PF-3758309 with gemcitabine therefore provides a potential treatment option with less toxicity.
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